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HIGH PRESSURE SEALING
ARRANGEMENT

BACKGROUND

The present invention relates to a high pressure seal
arrangement for an ultrahigh pressure fluid pump, and more
particularly to a high pressure seal arrangement for use in
sealing a reciprocating plunger pump within a high pressure
cylinder of an mtensifier pump utilized for pumping fluids.

Precision cutting for industrial and commercial purposes
1s oiten accomplished through the use of a waterjet system
that directs a high speed stream of water at a material surface
to be cut. Waterjet systems pressurize water to 15,000 ps1 or
greater and convert that pressure to a flud stream traveling
at speeds 1n excess of Mach 2. This high velocity stream,
often mixed with an abrasive, 1s capable of slicing through
hard materials such as metal and granite with thicknesses of
more than a foot.

The pumps operating within a waterjet system require seal
arrangements able to contain the high pressures generated.
This includes seal arrangements positioned between the
reciprocating plungers and the wall of the cylinder vessels in
which the plungers reciprocate. Sealing surfaces of such
seals are typically constructed of a softer material than that
of the surrounding components and tend to rapidly break
down. The softer seal components may also extrude into
gaps created during high pressure operation. The resulting
wear and degradation requires frequent seal replacement.

SUMMARY

In one aspect, the invention provides a seal assembly for
sealing a gap between a pump plunger and a high pressure
cylinder of a pump. The seal assembly includes a first seal
ring having a bore through which the plunger can extend, a
front axial end, and a rear axial end. The rear axial end
includes a rear surface defining an undercut. The assembly
turther includes an O-ring positioned on the first seal ring
between the front and rear axial ends of the first seal ring.
The assembly further includes a second seal ring having a
bore through which the plunger can extend, a front axial end,
and a rear axial end. A portion of the front axial end extends
into the undercut defined by the rear surface of the first seal
ring such that axial pressure exerted on the first seal ring in
a direction toward the second seal ring deflects the front
axial end of the second ring radially inwardly to facilitate
sealing engagement with the plunger. The assembly also
includes an O-ring positioned on the second seal ring
between the front and rear axial ends of the second seal ring.

In another aspect, the mvention provides a seal assembly
for sealing a gap between a pump plunger and a high
pressure cylinder of a pump. The seal assembly 1ncludes a
seal ring having a bore through which the plunger can
extend, a front axial end, and a rear axial end. An O-ring 1s
positioned on the seal ring between the front and rear axial
ends. The assembly further includes a packing ring having a
bore through which the plunger can extend, a front axial end
abutting the rear axial end of the seal ring, and a rear axial
end. The assembly also includes a non-metal packing fol-
lower having a bore through which the plunger can extend,
a Iront axial end abutting the rear axial end of the packing
ring, and a rear axial end. The non-metal packing follower
can be ceramic (e.g., carbide) or similar hard, wear-resistant
materials.

In another construction, a seal assembly for sealing a gap
between a pump plunger and a high pressure cylinder of a
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pump includes a first seal ring having a bore through which
the pump plunger extends, a first O-ring receiving surface,

and a rear end, the rear end including an undercut surface
arranged at an oblique angle with respect to the pump
plunger, the first seal ring positioned to contact both the
pump plunger and the high pressure cylinder. A first O-ring
1s positioned on the first seal ring and 1n contact with the first
O-ring receiving surface and the high pressure cylinder to
form a first seal between the first seal ring and the high
pressure cylinder 1n the presence of fluid pressure applied to
the first seal ring. A second seal ring has a bore through
which the pump plunger extends, a front oblique surface, a
rear surface, and a second O-ring receiving surface, the
second seal ring positioned to contact both the pump plunger
and the high pressure cylinder, the undercut surface and the
front oblique surface cooperating such that axial pressure
exerted on the first seal ring 1n a direction toward the second
seal ring deflects the first seal ring toward the high pressure
cylinder and detlects the second seal ring toward the pump
plunger. A second O-ring 1s positioned on the second seal
ring and 1n contact with the second O-ring receiving surface
and one of the first seal ring and the high pressure cylinder
to form a second seal therebetween 1n the presence of fluid
pressure applied to the first seal ring.

In another construction, a seal assembly for sealing
between a pump plunger that reciprocates along an axis
within a high pressure cylinder of a pump includes a first
seal ring positioned at a first axial end of the seal assembly,
the first seal ring including a first O-ring receiving surface
and an undercut surface, a first O-ring positioned on the first
O-ring recerving surface and in contact with the first O-ring
receiving surface and the high pressure cylinder, and a
second seal ring including a second O-ring receiving sur-
face, a front oblique surface, and a rear surface, the front
oblique surface in direct contact with the undercut surface.
A second O-ring 1s positioned on the second O-ring receiv-
ing surface and in contact with the second O-ring receiving
surface and at least one of the first seal ring and the high
pressure cylinder, a packing ring positioned in direct contact
with the rear surface and including a first wedge receiving
surface, and a packing follower positioned at a second axial
end of the seal assembly and in contact with the packing
ring, the packing follower including a second wedge receiv-
ing surface. A wedge ring 1s 1n contact with the first wedge
receiving surface, the second wedge receiving surface, and
the high pressure cylinder, wherein 1n response to fluid
pressure applied 1n the axial direction at the first axial end of
the seal assembly, the first seal ring and the second seal ring
cooperate to deflect the first seal ring toward the high
pressure cylinder and to detlect the second seal ring toward
the pump plunger, and the packing ring, the packing fol-
lower, and the wedge ring cooperate to deflect the wedge
ring toward the high pressure cylinder and to deflect the
packing follower and the packing ring toward the pump
plunger.

Other aspects of the mvention will become apparent by
consideration of the detailed description and accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view showing an abrasive waterjet
cutting system.

FIG. 2 1s a perspective view of the intensifier pump of the
abrasive waterjet cutting system of FIG. 1.

FIG. 3 1s a cross sectional view of the itensifier pump of

FIG. 2 taken along line 3-3.
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FIG. 4 1s a partial cross sectional view of an end portion
of the mtensifier pump of FIG. 3.

FIG. 5 1s an enlarged partial cross sectional view of a seal
arrangement for use in the intensifier pump of FIG. 3 and
embodying the invention.

FIG. 6 1s an enlarged cross sectional view of the seal
arrangement of FIG. 5.

FIG. 6a 1s an enlarged partial cross sectional view of the
seal arrangement of FIG. 5 shown 1n 1ts sealing condition
under high pressure.

FIG. 7 1s a partially exploded section view showing the
front and rear seal rings of the seal arrangement of FIG. 5.

FIG. 8 1s an enlarged cross sectional view of an alternative
seal arrangement embodying the invention.

FIG. 9 1s an enlarged cross sectional view of yet another
alternative seal arrangement embodying the mvention.

FIG. 10a 1s an enlarged partial cross sectional view
illustrating an alternative wedge ring configuration.

FIG. 1056 1s an enlarged partial cross sectional view
illustrating another alternative wedge ring configuration.

FIG. 11 1s en enlarged partial cross sectional view 1illus-
trating an alternative packing follower configuration.

FIG. 12 1s an enlarged partial cross sectional view of a
prior art seal arrangement.

DETAILED DESCRIPTION

Before any embodiments of the invention are explained in
detail, 1t 1s to be understood that the invention 1s not limited
in 1ts application to the details of construction and the
arrangement of components set forth in the following
description or illustrated in the following drawings. The
invention 1s capable of other embodiments and of being
practiced or of being carried out in various ways. Also, it 1s
to be understood that the phraseology and terminology used
herein 1s for the purpose of description and should not be
regarded as limiting. The use of “including,” “comprising,”
or “having” and variations thereof herein 1s meant to encom-
pass the items listed thereafter and equivalents thereof as
well as additional items. And as used herein and in the
appended claims, the terms “upper”, “lower”, “inner”,
“outer”, “top”, “bottom™, “front”, “rear”, “back™ and other
directional terms are not intended to require any particular
orientation, but are 1nstead used for purposes of description
only.

It should be noted that “ultrahigh™ or ‘high pressure” as
used herein refers to fluid pressure i excess of 15,000 psi,
an more commonly 1n excess ol 60,000 ps1. One of ordinary
skill 1n the art will realize that unique problems occur at
these high pressures. Thus, solutions common to lower
pressure pumps are not necessarily applicable to systems
operating at pressures 1n excess of 15,000 ps1 and 1n fact can
produce results contrary to those seen 1 low pressure
operation.

FIG. 1 illustrates an abrasive waterjet cutting system 10
for cutting a particular material with a high pressure stream
of water mixed with abrasive. The cutting system 10
includes a cutting table 20 with a material supporting surface
22 and a cutting head assembly 30 that includes a cutting
head 40. The cutting head assembly 30 1s controlled through
a computer 50 and is functionally movable via the arms 24,
26 1n a manner known to those of skill 1n the art to provide
cutting at any required operable location on the surface 22.
A pumping system 60 generates high pressure tluid, typi-
cally water, for the cutting process and provides that water
through a high pressure tube (not shown) to the cutting head

assembly 30. A feed system 70 supplies an abrasive material,

10

15

20

25

30

35

40

45

50

55

60

65

4

such as garnet, that 1s combined with the water stream at the
cutting head 40. An abrasive removal system 80 filters the
wastewater produced 1n the process to recover the abrasive
for further use. The wastewater can be disposed of through
a drain or recycled to minimize overall water usage.

FIGS. 2 and 3 illustrate a double acting high pressure
pump 100 of the pumping system 60. As 1s well known to
those of skill in the art, this type of pump, also referred to
as an 1ntensifier pump, includes a power cylinder 110
defining a hydraulic flmmd chamber 114. A double-sided
piston 118 coupled to opposing plungers 122 alternates back
and forth within the chamber 114 1n response to pressurized
hydraulic fluid directed 1nto and out of the chamber 114. One
or more proximity switches 126 detect the piston 118, and
when detected, send a signal to a controller such as a PLC
to switch a 4-way valve on the hydraulic pump, thus
directing hydraulic o1l to the other side of the piston 118
through the ports 128 at the bottom of the power cylinder
110. The piston/plunger assembly acts as a pressure multi-
plier to 1increase the pressure of a fluid, such as water, drawn
into the bores 130 of two opposing cylindrical vessels 134.
The vessels 134 are coupled to the power cylinder 110
through hydraulic cylinder heads 138. A pump head 140 1s
disposed on the ends 142, 144 of each cylindrical vessel 134.
The pump head 140 includes a seal head 146 partially
disposed 1nside an end cap 1350. Each end 142, 144 is
substantially identical and capable of delivering high pres-
sure fluid to the waterjet cutting system.

As shown in FIGS. 3 and 4, the seal head assembly 146
includes an inlet check valve 154 configured to allow low
pressure water to enter the bore 130 as the plunger 122 1s
retracted, and an outlet check valve 158 to direct high
pressure tluid to the outlet 162 as the plunger 122 advances

within the bore 130. Referring to FIG. 4, the end cap 150 1n
the 1llustrated embodiment includes female threads 166 for
mating with male threads 170 on an outer surface of a
hollow stud 174. In other embodiments, the end cap 150 can
be secured to the hollow stud 174 with an alternative
removable connection. For example, tie rods (not shown)
may extend the length of the vessel 134 and couple the
hydraulic cylinder head 138 to the end cap 150. A plurality
ol jack bolts 180 threaded into apertures 184 of the end cap
150 each include end faces 190 that engage the shoulder 194
of the seal head 146 and provide a compressive force to
press the seal head 146 into sealing relationship with an end
portion 200 of the cylindrical vessel 134. The secured
cylindrical vessel 134, seal head 146, and end cap 150 are all

concentric with a longitudinal axis 215 through the center of
the bore 130.

Referring now to FIG. 5, the tensifier pump 100
includes a pair of seal assemblies 220 (only one 1s shown 1n
FIG. §), one on each side of the piston 118 of the pump 100
and oriented 1n mirror relation to one another. As shown 1n
FIG. 5, each seal assembly 220 1s positioned between the
plunger 122 and the high pressure cylindrical vessel 134 to
seal the gap between the reciprocating plunger 122 and the
bore 130 of the high pressure cylinder 134. A retainer 224
sandwiched between the cylinder 134 and the cylinder head
138 positions the seal axially 1in the bore 130.

Betfore describing the seal assembly 220 of the present
invention further, reference 1s first made to FIG. 12 illus-
trating a prior art seal assembly 228. The prior art seal
assembly 228 includes a seal ring 232 supporting thereon an
O-ring 236. The seal ring 232 includes a rear axial end 240
(rear being the direction toward the piston 118) abutting a
front axial end 244 of a packing ring 248. A rear axial end
252 of the packing ring 248 abuts a front axial end 256 of
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a packing follower 260. A wedge ring 264 1s supported on
an outer (e.g., radially outer) surface of each of the packing
ring 248 and the packing follower 260. The wedge ring 264
1s trapezoidally-shaped 1n cross section, with oppositely-
facing inclined surfaces 268 abutting chamier surfaces 272,
276 formed on the packing ring 248 and the packing
tollower 260, respectively. Each of the seal ring 232, the
packing ring 248, and the packing follower 260 define
respective bores 280, 284, and 288 through which the
plunger 122 can extend and reciprocate. The bore 288 of the
packing follower 260 1includes two lands or bearing surfaces
292 spaced apart axially from one another and separated by
a reliel surface 296 having a larger diameter. The two
bearing surfaces 292 can have the same diameter, or one of
the two bearing surfaces 292 may have a slightly larger
diameter than the other (e.g., larger by about 0.004 inches
(0.102 mm).

The seal nng 232 and the packing ring 248 are known as
“soft seal elements,” as they are typically made of low-
strength, plastic materials like ultra-high-molecular-weight
polyethylene (UHMW). The packing follower 260 1s typi-
cally made of a higher strength metal (e.g., copper, brass,
bronze, etc.) that forms a gap-tight backup to the soft seal
clements. Particular care must be taken 1n the seal design to
ensure a minimum “extrusion gap,” both at the interface
between the seal assembly 228 and the plunger 122, and the
interface between the seal assembly 228 and the cylinder
bore 130. The phrase “extrusion gap” 1s known 1n the art as
the gap at these interfaces through which the soit seal
clements could possibly extrude or pass through due to the
ultrahigh pressures exerted in the pump 100. Current seal
assemblies are designed to minimize the extrusion gaps
while also extending the life expectancy of the seal assembly
and mimmizing damage to or hindrance of the plunger 122.

During operation of the pump, the prior art seal 228
experiences high pressure exerted axially in the direction
shown by arrow 300. This pressure load 1s transferred
axially through the O-ring 236 and the seal ring 232 to the
packing ring 248. The loading causes compression of the
packing ring 248 in the direction of the arrow 300, which in
turn causes the wedge ring 264 to detlect or expand radially
outwardly toward the cylinder bore 130 1n part due to the
interface between the inclined surface 268 and the mating
chamfer surface 272, thereby closing or reducing any extru-
sion gap between the seal assembly 228 and the cylinder
bore 130 caused by radial expansion of the cylinder 134 that
occurs during pressurization. The expansion of the wedge
ring 264 1n addition to its axial movement 1n the direction of
the arrow 300 also causes the packing follower 260 to
contract or collapse radially inwardly toward the plunger
122 1n part due to the interface between the inclined surface
268 and the mating chamier surface 276, to close or reduce
any extrusion gap between the seal assembly 228 and the
plunger 122. By closing or reducing the extrusion gaps in
this manner, the polymer packing ring 248 1s better pre-
vented from extruding and failing.

Meanwhile, as the plunger 122 reciprocates during pump-
ing action, it engages the bearing surtaces 292 of the packing
follower 260, which operate to guide the plunger 122 in the
cylinder 134. The friction between the sliding surfaces wears
the bearing surfaces 292 of the packing follower 260 away.
This 1s an mtended consequence of the prior art seal assem-
bly 228, in which the packing follower 260 is intended to be
a sacrificial element that 1s softer and less wear-resistant than
the plunger 122, which 1s typically made of a hard ceramic
material. Over time, even as the bearing surfaces 292 wear
away, the packing follower 260 can continue to radially
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deflect mmwardly to keep the extrusion gap closed and
accommodate the wear. However, there 1s eventually a
physical limit to the amount the packing follower 260 can
deflect or collapse radially inwardly at a particular load. This
limit 1s a function of the elastic modulus of the material of
the packing follower 260. Once this deflection limit 1s
reached, the reciprocating plunger 122 continues to wear
away the packing follower 260, and consequently, the extru-
s10n gap opens up between the plunger 122 and the packing
tollower 260. The soft polymer seal material of the packing
ring 248 begins to extrude through the gap due to the
enormous loads encountered at operating pressure, and seal
failure 1s accelerated and 1mminent.

The sacrificial metal packing follower 260 offers rela-
tively low shding friction and 1s resistant to tolerance
changes and misalignment of the plunger 122 and the
cylinder 134. This makes the packing follower 260 less
likely to scratch or otherwise damage the expensive ceramic
plunger 122. However, this benefit comes at the cost of faster
wear of the bore 288 (1.¢., the bearing surfaces 292) of the
packing follower 260, and thus, faster seal extrusion and
failure.

Referring now to FIGS. 5-7, the seal assembly 220 of the
present invention improves upon the prior art seal assembly
228 to provide a longer-lasting seal. As shown i FIGS. 5
and 6, the seal assembly 220 includes a first or front seal ring
304 having a bore 308 through which the plunger 122 can
extend and reciprocate. The front seal ring 304 also includes
a front axial end 312 and a rear axial end 316 (see FIG. 7).
An O-ring 320 1s positioned 1n a J-profiled groove formed on
the outer surface of the front seal ring 304 between the front
and rear axial ends 312, 316. The seal ring 304 1s made of
a polyethylene material (e.g., UHMW).

Referring now to FI1G. 7, the rear axial end 316 of the front
seal ring 304 defines an undercut 324 formed in a rear
surface 328 of the front seal ring 304. The undercut 324 1s
defined by a first portion 332 of the rear surface 328 that
extends substantially normal to the bore 308, a second
portion 336 of the rear surface 328 that extends substantially
normal to the bore 308 and that 1s ofiset axially from the first
portion 332, and a third portion 340 of the rear surface 328
that extends oblique to the first portion 332, the second
portion 336, and the bore 308. The purpose of the undercut
324 will be described 1n detail below.

Referring now to FIGS. 5 and 6, the seal assembly 220
further includes a second or rear seal ring 344 having a bore
348 through which the plunger 122 can extend and recip-
rocate. The rear seal ring 344 also includes a front axial end
352 and a rear axial end 356 (see FIG. 7). A portion of the
front axial end 352 extends into the undercut 324 defined by
the rear surface 328 of the first seal ring 304, such that axial
pressure exerted on the first seal ring 304 in a direction
toward the second seal ring 344 detlects the front axial end
352 of the second seal ring 344 radially inwardly to facilitate
sealing engagement with the plunger 122 (see FIG. 6a). In
the 1llustrated embodiment, the portion of the front axial end
352 extending into the undercut 324 fills substantially the
entire undercut 324. An O-ring 360 i1s positioned 1n a
I-profiled groove formed on the outer surface of the rear seal
ring 344 between the front and rear axial ends 352, 356. The
seal ring 344 1s also made of a polyethylene matenal (e.g.,
UHMW).

Referring again to FIG. 7, the portion of the front axial
end 352 of the second seal ring 344 that extends into the
undercut 324 1s defined by a surface having a first portion
364 abutting and corresponding in length to the first portion
332 of the rear surface 328 of the front seal ring 304, and a
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second portion 368 abutting and corresponding in length to
the third portion 340 of the rear surtface 328 of the front seal
ring 304. The second portion 368 of the rear seal ring 344
shares the same oblique angle as the third portion 340 of the
front seal ring 304, which angle of abutment facilitates the
deflection of the front axial end 352 of the second seal ring
344 radially inwardly to facilitate sealing engagement with
the plunger 122 (see FIG. 64a). In the 1llustrated embodiment,
the third portion 340 and the second portion 368 are angled
at about forty-five degrees relative to the bores 308, 348 of
the seal rings 304, 344. In other embodiments, the angles can
be optimized as desired.

With reference to FIGS. 5 and 6, the seal assembly 220
turther includes a packing ring 372 made of a polymer
matenal. Together, the seal rings 304, 344 and the packing
ring 372 define the soft seal elements of the seal assembly.
They are compressible axially, and thereby are deemed to be
“energizing components” of the seal assembly. The packing
ring 372 includes a bore 376 through which the plunger 122
can extend and reciprocate, a front axial end 380 abutting the
rear axial end 356 of the rear seal ring 344, and a rear axial
end 384. An outer surface of the packing ring 372 includes
a chamfered surface 388 and a recessed surface 392, the
purpose of which will be discussed below.

The seal assembly 220 further includes a packing follower
396 having a bore 400 through which the plunger 122
extends and reciprocates. A front axial end 404 abuts the rear
axial end 384 of the packing ring 372. The packing follower
396 also includes a rear axial end 408 that abuts the retainer
224. The 1llustrated packing follower 396 includes a cham-
tered surface 412 adjacent the front axial end 404, and tapers
radially outwardly adjacent the rear axial end 408 to define
a shoulder or flange 416 that abuts a corresponding cham-
tered surface 420 (see FIG. 5) of the cylinder 134 to limuat
axial movement of the packing follower 396 away from the
retainer 224.

The bore 400 of the packing follower 396 includes a first
or bearing surface 424 (1.e., land) that defines a single,
radially-innermost diameter of the bore 400 configured for
possible sliding engagement with the plunger 122, and a
second surface 428 having a diameter greater than the
bearing surface 424 to form a stepped bore 400. In the
illustrated embodiment, the second surface 428 1s parallel to
the first surface 424 and 1s separated from the bearing
surface 424 by a chamifered transition surface 432. The
bearing surface 424 1s manufactured to have nearly a line-
on-line sliding fit with the plunger 122. The maximum
manufactured diametral clearance between the bearing sur-
tace 424 and the plunger 122 can be up to 0.0015 inches
(0.0381 mm) in some cases, but 1n most cases 1s less than or
equal 0.0002 inches (0.005 mm). The second surface 428
does not contact the plunger 122 and there 1s no other
bearing surface provided for engaging the plunger 122.

The single bearing surface 424 1s immediately adjacent
the front axial end 404 of the packing follower 396, and
preferably extends axially toward the rear axial end 408 a
distance of about 0.010 inches (0.254 mm) to about 0.30
inches (7.62 mm) to minimize friction, to minimize the
chances of plunger damage, and to increase the seal life. In
some embodiments, the axial length of the bearing surface
424 can be increased up to 0.5 inches (12.7 mm), but this
comes at the risk of increased friction and increased plunger
damage. In yet other embodiments, the axial length of the
bearing surface 424 can be as short as a sharp “knife edge,”
however such a short bearing surface may not provide as
much guidance for the plunger 122. Having only the single
bearing surface 424 adjacent the front axial end 404 mini-
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mizes the risk of any small extruded seal bits becoming
trapped 1n a reliet groove or collection area formed between
two bearing surfaces. Instead, any debris 1s free to collect
adjacent the second surface 428 and will not be forced (via
pressure) into a gap between any subsequent bearing surface
and the plunger 122.

The packing follower 396 1s non-metallic and preferably
ceramic (e.g., oxides, non-oxides, ceramic composites such
as but not limited to alumina, zircomia, carbide, silicon
nitride, tungsten carbide, and the like), and 1s not designed
to be a sacrificial element like the prior art metal packing
follower 260. Instead, the packing follower 396 1s preferably
ceramic and 1s made to be much harder, stronger, and more
wear-resistant than prior art soft-metal packing followers.
While conventional practice and thinking has been that a
smallest possible extrusion gap (possibly zero) will result 1n
longer seal life, the use of the hard, preferably ceramic
packing follower 396 has surprisingly resulted 1n a contrary
finding. Specifically, even with the packing follower 396
having a diametrical clearance up to 0.00135 inches (0.0381
mm ), and with the reduced radially-inward deflection due to
the hard ceramic material, seal assemblies using the ceramic
packing follower 396 have tested to a longer seal life than
prior art seals having metal packing followers with smaller
diametrical clearances (e.g., 0.0002 inches (0.005 mm)). In
other words, even though ceramic packing followers 396
have very little or no radially-inward deflection, such that
the extrusion gap 1s not closed and the bore of the packing
follower 396 does not circumierentially contact the plunger
122 completely during operation of the pump 100, longer
seal life has been achieved. This 1s because the lack of
radially-inward deflection of the packing follower 396 mini-
mizes or eliminates the cyclic pinching or “nibbling” of the
packing ring 372 that occurs with prior art metal packing
followers.

When prior art metal packing followers with tight dia-
metrical clearance cyclically deflect radially inward and then
back outward during operation of the pump, the packing
followers slowly pinch and break off (1.e., “nibble™) the
packing ring that 1s extruding into the extrusion gap. The
packing ring gets repeatedly pinched between the packing
follower and the plunger. Small pieces of the packing ring
break oif during operation until the packing ring eventually
fails and 1s no longer able to support the softer seal ring 1n
front, resulting 1n failure of the seal ring as well. As the bore
of the metal packing follower wears, the diametrical clear-
ance increases, allowing more and more extrusion of the
packing ring, and the nibbling continues due to the repeated
radially-inward detflection. The ceramic packing follower
396 of the current invention detlects radially-inwardly much
less (e.g., about 3 to 5 times less) than conventional metal
packing followers. This smaller deflection 1n combination
with larger diametrical clearance reduces or eliminates
pinching of the packing ring between the packing follower
396 and the plunger 122, thereby reducing or eliminating
“mbbling” of the packing ring. This results 1n longer seal
life.

The packing follower 396 can be made of ceramic (e.g.,
zirconia, carbide, silicon nitride, tungsten carbide, etc.), or
similar hard, wear-resistant materials. The packing follower
396 has a hardness greater than conventional metal packing
followers. For example, a conventional metal packing fol-
lower typically has a hardness in the range of about 57 to 65
HRA, while the packing follower 396 has a hardness of at
least 74 HRA, with the illustrated embodiment having a
hardness of about 75 HRA to about 93 HRA depending on

the grade and type of ceramic employed. The packing
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tollower 396 also has an elastic modulus greater than that of
conventional metal packing followers. For example, a con-
ventional metal packing follower typically has an elastic
modulus between 16x10° psi and 21x10° psi, while the
packing follower 396 has an clastic modulus of at least
29x10° psi, with the illustrated embodiment having an
elastic modulus between about 60x10° psi to about 95x10°
ps1 depending on the grade and type of ceramic employed.
The packing follower 396 further has an abrasion resistance
factor (1/volume loss (mm’)) greater than 35, with the
illustrated embodiment being about 65 to about 165 depend-
ing on the grade and type of ceramic.

A wedge ring 436 1s supported on an outer (e.g., radially
outer) surface ol each of the packing ring 372 and the
packing follower 396. The wedge ring 436 1s trapezoidally-
shaped 1n cross section, with oppositely-facing inclined
surfaces 440 abutting chamier surfaces 388, 412 formed on
the packing ring 372 and the packing follower 396, respec-
tively. The wedge ring 436 1s made of a soft metal (e.g.,
copper, brass, bronze, etc.). Together, the wedge ring 436
and the packing follower 396 are the higher strength, gap-
control components designed to reduce or eliminate the gaps
to reduce or prevent extrusion of the soft seal components
therethrough. They back up the soft seal components by
accommodating changes 1n the diameter of the cylinder bore
130 that occur during pumping. Even where the extrusion
gap 1s not reduced completely, the capability of the packing
follower 396 to minimize radially-inward deflection, and
thereby mimimize or eliminate nibbling of the seal ring 372,
preserves the softer seal ring 372 and increases the life of the
seal.

With reference to FIGS. 5-6a, during operation of the
pump 100, the seal assembly 220 experiences high pressure
exerted axially i the direction shown by arrow 444. This
pressure load 1s transierred axially through the O-ring 320
and the front seal ring 304 to the rear seal ring 344. As
described above, and as shown 1n FIG. 6a, the axial loading
combined with the portion of the axial front end 352 of the
rear seal ring 344 that 1s received 1n the undercut 324 of the
front seal ring 34 causes the axial front end 352 to deflect
radially inwardly into sealing engagement with the plunger
122. This 1s due, 1n part, to the cam-like interface between
the inclined third portion 340 and inclined second portion
368 of the respective seal rings 304, 344. The front seal ring
304 and the packing ring 372 will also deflect radially
inwardly into sealing engagement with the plunger 122. The
packing follower 396, as described above, may or may not
deflect 1nto engagement with the plunger 122. Testing has
shown this dual seal ring arrangement to yield a longer seal
life than a single seal ring arrangement as used 1n the prior
art seal assembly 228.

The axial loading of the rear seal ring 344 1s transmitted
to the packing ring 372, thereby causing compression of the
packing ring 372 in the direction of the arrow 444. This
compression of the packing ring 372, and the interface at the
abutting inclined surface 440 and chamfer surface 388,
causes the wedge ring 436 to deflect or expand radially
outwardly toward the cylinder bore 130 (see FIG. 6a),
thereby closing or reducing any extrusion gap between the
seal assembly 220 and the cylinder bore 130 caused by the
radial expansion of the cylinder 134 that occurs during
pressurization.

The expansion of the wedge ring 436 also causes, via the
interface at the abutting inclined surface 440 and chamfier
surface 412, the packing follower 396 to contract or collapse
radially inwardly toward the plunger 122 (albeit less than the
softer prior art packing follower 260) to close or reduce any
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extrusion gap between the seal assembly 220 and the
plunger 122. However, the high strength of the packing
follower 396 substantially prevents the packing follower 396
from clamping down tightly onto the plunger 122, thereby
preventing significant damage to the plunger 122 even at
ultrahigh pressures. With the packing follower 396 closing
or reducing the extrusion gaps in this controlled and con-
sistent manner, without nibbling the packing ring 372 as
discussed above, the polymer packing ring 372 and the seal
rings 304, 344 are better prevented from extruding, degrad-
ing, and failing. The high strength properties of the packing
follower 396, and the resulting resistance to mnward detlec-
tion, allow for achieving the desired fit to the plunger 122
both when the pump 100 1s unloaded, and when the pump
100 1s loaded under ultrahigh pressures. Together, the wedge
ring 436 and the packing follower 396 operate as back-up
clements that prevent or limit extrusion or degradation of the
soft seal elements at both the inner and outer diameters of
the seal assembly 220.

FIG. 8 1llustrates another seal assembly 520 according to
the present invention. The seal assembly 520 1s similar to the
seal assembly 220, and like parts have been given like
reference numerals. Only the differences are described
below. The seal assembly 520 includes a modified packing
follower 396' in which the bore 400' includes a first or
bearing surface 424' that 1s the same as described above with
respect to the packing follower 396, but has an alternative
arrangement for the second surface 428'. Instead of being
stepped and parallel, the second surface 428’ 1s a frustoconi-
cal surface concentric with the bearing surface 424' and
having a diameter that increases from the diameter of the
bearing surface 424' 1n an axial direction toward the axial
rear end 408' of the packing follower 396'. This tapering of
the second surface 428' provides relief area for seal debris to
gather, so that debris does not cause binding and heat
build-up at the plunger 122. Additionally, the packing fol-
lower 396' 1s configured without the flange 416 present on
the packing follower 396.

FIG. 9 illustrates yet another seal assembly 620 according
to the present invention. The seal assembly 620 has simi-
larities to both the seal assemblies 220 and 520, and like
parts have been given like reference numbers. Only the
differences are described below. Specifically, seal assembly
620 lacks the front seal ring 304 and the O-ring 320. While
the use of two seal rings has been found to provide excellent
results, 1n some embodiments only one seal ring 344 need be
used.

FIGS. 10a and 106 illustrate alternate wedge ring con-
figurations that can be used with any of the seal assemblies
220, 520, and 620 described above. Since the packing
followers 396, 396' are made from high strength, wear-
resistant materials as described above, and can be manufac-
tured with the tight diametrical clearance to the plunger 122
as discussed above, 1t may not be necessary to rely on the
wedge ring to collapse or compress the packing followers
396, 396' radially inwardly as discussed above. The alternate
wedge rings 436', 436" shown in FIGS. 10a and 105,
respectively, take this into account.

The wedge ring 436' illustrated 1n FIG. 10a, while still
having a trapezoidal cross section, has only one inclined
surtace 440" that abuts the chamiered surface 388 of the
packing ring 372. The surface 442' of the wedge ring 436'
opposite the inclined surface 440' 1s generally vertical and
abuts an axial front end 404" of a modified packing follower
396" that does not include any chamiered surface adjacent
its axial front end 404". This arrangement still enables the
pressure load transferred from the packing ring 372 to the
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wedge ring 436' to detlect or expand the wedge ring 436'
radially outwardly, but does not result in the radially inward
collapse of the packing follower 396",

The wedge ring 436" 1llustrated 1n FIG. 105 has a trian-
gular cross section, and more specifically, a right-triangular
cross section. It can be smaller than the wedge ring 436'. It
has only one inclined surface 440" that abuts the chamiered
surface 388' of the packing ring 372', which 1s modified only
insofar as 1t accommodates the wedge ring 436" on 1ts outer
surface (1.e., surface 392 1s eliminated). The surface 442" of
the wedge ring 436" opposite the inclined surface 440" 1s
generally vertical and abuts the axial front end 404" of the
modified packing follower 396" that does not include any
chamfered surface adjacent its axial front end 404". This
arrangement still enables the pressure load transferred from
the packing ring 372' to the wedge ring 436" to detlect or
expand the wedge ring 436" radially outwardly, but does not
result in the radially inward collapse of the packing follower
396".

FIG. 11 illustrates an alternate packing follower 796 that
could be used with any one of the seal arrangements 220,
520, and 620. The packing follower 796 1s similar to the
prior art packing follower 260 1n the sense that it mncludes
first and second spaced apart lands or bearing surfaces 800
that define two radially-innermost diameters of the bore
configured to engage the plunger 122, and that are separated
by an mtermediate, larger-diameter third reliet surface 804.
The two bearing surfaces 800 can have the same diameter,
or one of the two bearing surfaces 292 may have a slightly
larger diameter than the other (e.g., larger by about 0.004
inches (0.102 mm). However, 1t 1s different from the prior art
in that 1t 1s not made of soft-metal or intended to be
sacrificial. Instead, the packing follower 796 1s made of a
high strength, high wear-resistant, non-metal material as
described above with respect to packing follower 396. For
example, the packing follower 796 can be made of ceramic
(e.g., zircoma, carbide, silicon nitride, tungsten carbide,
etc.). Additionally, as illustrated 1n FIG. 11, the bearing
surfaces 800 are shorter, both individually and 1n combined
length, than the bearing surfaces 292 of the prior art packing
tollower 260.

In some instances, the packing follower 796 may be
preferred to the single-land followers described above as it
can provide better gmidance for the plunger 122. While the
packing follower 796 1s shown with a chamifer like the
chamifer 268, in other embodiments the chamier may be
climmated like with the follower 396".

Various features of the invention are set forth in the
tollowing claims.

What 1s claimed 1s:

1. A seal assembly for sealing a gap between a pump
plunger and a high pressure cylinder of a pump, the seal
assembly comprising:

a first seal ring having a bore through which the pump
plunger extends, a first O-ring receiving surface, and a
rear end, the rear end including an undercut surface
arranged at an oblique angle with respect to the pump
plunger, the first seal ring positioned to contact both the
pump plunger and the high pressure cylinder;

a first O-ring positioned on the first seal ring and in
contact with the first O-ring recerving surface and the
high pressure cylinder to form a first seal between the
first seal rng and the high pressure cylinder in the
presence of tluid pressure applied to the first seal ring;

a second seal ring having a bore through which the pump
plunger extends, a front oblique surface, a rear surface,
and a second O-ring recerving surface, the second seal
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ring positioned to contact both the pump plunger and
the high pressure cylinder, the undercut surface and the
front oblique surface cooperating such that axial pres-
sure exerted on the first seal ring 1n a direction toward
the second seal ring detlects the first seal ring toward
the high pressure cylinder and detlects the second seal
ring toward the pump plunger; and

a second O-ring positioned on the second seal ring and 1n
contact with the second O-ring receiving surface and
one of the first seal ring and the high pressure cylinder
to form a second seal therebetween in the presence of
fluad pressure applied to the first seal ring.

2. The seal assembly of claim 1, wherein the undercut
surface partially defines a space between the first seal ring
and the pump plunger.

3. The seal assembly of claim 2, wherein the second seal
ring 1includes a front portion at least partially defined by the
front oblique surface, and wherein the front portion substan-
tially fills the space.

4. The seal assembly of claim 1, further comprising:

a packing ring having a bore through which the plunger
extends, a front axial end abutting the the second seal
ring, and a rear axial end; and

a packing follower having a bore through which the
plunger extends, a front axial end abutting the rear axial
end of the packing ring, and a rear axial end.

5. The seal assembly of claim 4, further comprising a
wedge ring supported on an outer surface of each of the
packing ring and the packing follower, the wedge ring
operable to expand radially outwardly upon exertion of axial
pressure on the packing ring in a direction toward the
packing follower.

6. The seal assembly of claim 5, wherein 1n the presence
of fluid pressure, the packing ring and the packing follower
are compressed toward one another, and wherein, 1n
response, the wedge ring 1s forced outward toward the high
pressure cylinder.

7. The seal assembly of claim 4, wherein the bore of the
packing follower includes a first surface that defines a single,
radially-innermost diameter of the bore configured ifor
engagement with the plunger, and a second surface having
a diameter equal to or greater than the first surface.

8. The seal assembly of claim 4, wherein the bore of the
packing follower includes first and second bearing surfaces,
and a third surface intermediate the first and second bearing
surfaces, the third surface having a diameter greater than the
first and second bearing surfaces, the first surface, the
second surface, and the third surface being parallel to one
another.

9. A seal assembly for sealing between a pump plunger
that reciprocates along an axis within a high pressure
cylinder of a pump, the seal assembly comprising:

a first seal ring positioned at a first axial end of the seal
assembly, the first seal ring including a first O-ring
receiving surface and an undercut surface;

a first O-ring positioned on the first O-ring receiving
surface and 1n contact with the first O-ring receiving
surface and the high pressure cylinder;

a second seal ring including a second O-ring receiving
surface, a front oblique surface, and a rear surface, the
front oblique surface 1n direct contact with the undercut
surface;

a second O-ring positioned on the second O-ring recerv-
ing surface and in contact with the second O-ring
receiving surface and at least one of the first seal ring
and the high pressure cylinder;
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a packing ring positioned in direct contact with the rear

surface and including a first wedge receiving surface;

a packing follower positioned at a second axial end of the

seal assembly and 1n contact with the packing ring, the
packing follower including a second wedge receiving
surface; and

a wedge ring 1n contact with the first wedge receiving

surface, the second wedge receiving surface, and the
high pressure cylinder, wherein 1 response to fluid
pressure applied in the axial direction at the first axial
end of the seal assembly, the first seal ring and the
second seal ring cooperate to detlect the first seal ring
toward the high pressure cylinder and to deflect the
second seal ring toward the pump plunger, and the
packing ring, the packing follower, and the wedge ring
cooperate to deflect the wedge ring toward the high
pressure cylinder and to deflect the packing follower
and the packing ring toward the pump plunger.

10. The seal assembly of claim 9, wherein the undercut
surface partially defines a space between the first seal ring
and the pump plunger.

11. The seal assembly of claim 10, wherein the second
seal ring includes a front portion at least partially defined by
the front oblique surface, and wherein the front portion
substantially fills the space.

12. The seal assembly of claim 9, wherein the wedge ring
expands radially outwardly upon exertion of axial pressure
on the packing ring in a direction toward the packing
tollower.

13. The seal assembly of claim 12, wherein radial expan-
sion of the wedge ring causes the packing follower to
collapse radially inwardly.

14. The seal assembly of claim 9, wherein the packing
tollower defines a bore, the bore defined by a first surface
that defines a single, radially-innermost diameter of the bore
configured for engagement with the plunger, and a second
surface having a diameter equal to or greater than the first
surface.

15. The seal assembly of claim 9, wherein the packing
defines a bore, the bore defined by first and second bearing
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surfaces, and a third surface intermediate the first and second
bearing surfaces, the third surface having a diameter greater
than the first and second bearing surfaces, the first surface,
the second surface, and the third surface being parallel to
one another.

16. The seal assembly of claim 9, wherein the packing
follower 1s formed from a non-metallic matenal.

17. The seal assembly of claim 9, wherein the wedge ring
1s formed from a metallic matenal.

18. A method of forming a seal between a pump plunger
that reciprocates along an axis within a high pressure
cylinder, the method comprising:

positioning a {irst seal ring within an annular gap between

the pump plunger and the high pressure cylinder;
positioning a second seal ring adjacent the first seal ring;
positioning a packing ring adjacent the second seal ring;
positioning a packing follower adjacent the packing ring;
positioning a wedge ring 1 contact with the packing
follower, the packing ring, and the high pressure cyl-
inder;

applying a fluid pressure to the first seal ring;

displacing the first seal ring toward the high pressure

cylinder and the second seal ring toward the pump
plunger 1n response to the application of the tluid
pressure;

compressing the packing ring and the packing follower 1n

the axial direction; and

displacing the wedge ring toward the high pressure cyl-

inder and the packing follower and the packing ring
toward the pump plunger 1n response to the compres-
sion of the packing ring and the packing follower.

19. The method of claim 18, further comprising position-
ing a first O-ring 1n a J-groove formed in the first seal ring
and positioning a second O-ring 1n a J-groove formed in the
second seal ring.

20. The method of claim 19, further comprising forming,
a seal between the first seal nng and the high pressure
cylinder with the first O-ring 1n response to the application
of fluid pressure.
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